INTRODUCTION {#sec1-1}
============

Lesions of the rotator cuff (RC) are among the most frequent tendon injuries. More than 50% of the population aged 60 years already show lesions of the RC.\[[@ref1]\] There is an increase in frequency with cumulative age, but advanced symptomatic lesions can already be found in younger patients.\[[@ref1]\] In addition to pain, these lesions may also restrict function. Many of these patients need an operation on the RC. In spite of the developments in both open and arthroscopic surgery, RC repair still very often fails.\[[@ref2]\] In order to reduce the failure rate after surgery, several experimental *in vitro* and *in vivo* therapy methods have been developed for biological improvement of the reinsertion. This article provides an overview of the current evidence for augmentation of RC reconstruction with growth factors. Furthermore, potential future therapeutic approaches are discussed. We performed a comprehensive search of the PubMed database using various combinations of the keywords "tendon," "rotator cuff," "augmentation," "growth factor," and "platelet concentrate" for publications up to 2011. Given the linguistic capabilities of the research team, we considered publications in English, German, French, and Spanish. We excluded literature reviews, case reports, and letter to the editor.

THE INTACT PHYSIOLOGICAL RC INSERTION {#sec1-2}
=====================================

A physiological RC insertion consists of a transition between bone and tendon. This area contains the following four zones:\[[@ref3]--[@ref5]\]

Zone I: Tendon

Zone II: Unmineralized fiber cartilage

Zone III: Mineralized fiber cartilage

Zone IV:Bone

Collagen I dominates zones I and IV, while zones II and III mainly contain collagens I, II, and X, as well as extracellular matrices with proteoglycans, such as decorin, aggrecan, and biglycan.\[[@ref3][@ref6][@ref7]\] During the aging process of intact tendons, vascularization decreases around the RC insertion.\[[@ref8]--[@ref10]\]

ETIOLOGY AND HISTOPATHOLOGY OF THE RC LESION {#sec1-3}
============================================

A distinction is now made between extrinsic and instrinsic causes of RC lesion. An extrinsic cause may be a traumatic tensile load on the RC tendon. Neer first published the extrinsic cause for tendon degeneration in 1972. He described subacromial impingement\[[@ref11]\] resulting in extra-articular damage of the tendon, caused by the coracoacromial curve during movements of the upper arm. Intrinsic factors for an RC lesion are found within the RC itself. This is described in a degenerative microtrauma model.\[[@ref12]\] Age-related degeneration leads to increased mucoid integration, as well as to hydroxyapatite microcalcification and fatty infiltration.\[[@ref13]\]

These changes lead to impairment of the tendon and favor microtraumas, leading to partial and eventually total RC rupture. This process is accelerated by genetic predisposition and metabolic dysfunction.\[[@ref14]\] Yuan *et al*. showed that in RC tendinopathy, a significantly higher proportion of cells with signs of apoptosis (34%) are located at the end of the tendon, as compared to those of healthy patients (13%). Apoptotic cells are found not only in the ruptured tendon, but also in the perivascular areas.\[[@ref15]\] Nevertheless, there is no evidence for a correlation between the number of apoptotic cells, the duration of the symptoms, and the age or the size of the rupture. The cause of apoptosis is not yet understood. Possible causes include ischemia, hypoxia, or free radicals. Apoptosis is associated with decreased collagen synthesis and may be one of the intrinsic causes of tendon degeneration.

Furthermore, the RC with tendinopathy frequently exhibits edema in the extracellular matrix, with fragmentation and disorientation of the collagen fibers.\[[@ref14]\]

Precise knowledge of the individual anatomical structures is essential if the function of the muscle--tendon unit is to be restored. The limiting factors for the function and outcome of an RC reconstruction are

the quality of the muscle andthe integrity of the tendon--bone interface of the repaired tendon.

Biology of RC muscle healing {#sec2-1}
----------------------------

The quality of muscles and tendons is mainly influenced by the content of fat and connective tissue.\[[@ref16]\] After RC rupture, the muscle tends to retract and to become atrophic. Intramuscular connective tissue may increase and the number of capillaries may decrease.\[[@ref17]\] The muscle fibers become shorter, the pennation angle increases, and the muscular tissue partially loses its ability to develop tension. In the magnetic resonance image (MRI), the progress of fatty infiltration can be evaluated and its extent measured.\[[@ref18]--[@ref20]\] The amount of fatty infiltration is a predictor of the probability that ruptured RC may heal, and therefore substantially influences the clinical outcome of the reinsertion.\[[@ref21][@ref22]\] The architectural and histomorphometric consequences of the retraction of the musculotendinous unit cannot be reversed over time.\[[@ref20][@ref23]--[@ref25]\] The inelastic and retracted muscle and tendon cannot be brought back by a single operation to its original site of insertion,\[[@ref16][@ref24]\] without further structural damages leading to an increase in connective tissue.\[[@ref25]\]

In parallel to the architectural and histomorphometric deterioration, molecular biological analyses have shown an increase in the expression of "alpha-skeletal muscle actin" and "myosin heavy polypeptide-1" with increasing fatty infiltration in RC muscles.\[[@ref26]\] This increase correlates with raised tissue metabolism and an increase in oxidative stress. This finding supports the histological and electron microscopic results,\[[@ref24]\] providing evidence of an association between the amount of fatty tissue and attempted maximal regeneration.

The atrophy of a muscle is accompanied by fatty infiltration.\[[@ref27]\] This atrophy is induced by decreased protein synthesis or increased protein degradation. Various signal proteins and transcription factors regulate muscle atrophy through the Forkhead box O (FOXO) factor, which stimulates atrogin-1 and Muscle RING-finger protein-1 (MURF1) and thereby induces proteolysis through three proteolytic systems (1. calcium-dependent calpain system, 2. the lysosomal protease system (cathepsin), and 3. the ubiquitin-proteasome system). At a molecular level, all three systems exhibit much greater up-regulation in massive RC ruptures than with smaller or absent ruptures.\[[@ref28]\]

Biology of tendon--bone interface healing {#sec2-2}
-----------------------------------------

There is enough experimental and clinical evidence to demonstrate that optimal mechanical fixation -- with adequate suture material, suture anchorage, and tendon to bone fixation -- is related to higher healing rates.\[[@ref29]\] Suture techniques with high tensile strength and tendon anchorage techniques have been evolved in *in vitro* and *in vivo* studies.\[[@ref29]\] Experimental data have shown that healing is initiated mainly by cells that originate from the osseous footprint\[[@ref30]\] and the bursa.\[[@ref31]\]

In the fetal development of the RC insertion, the above-named four zones are formed, whereas after an RC lesion, poor quality scar healing takes place in the tendon--bone interface. In comparison to the physiological tendon--bone interface, the regenerative disorientated scar tissue does not show the four typical zones and is more susceptible to mechanical failure.\[[@ref6][@ref32]\] Because current approaches do not lead to physiological restoration of the RC insertion and the conditions at the distal end of the RC tendon and of the bone insertion are suboptimal,\[[@ref33]\] new biological treatment strategies are indispensable. These strategies should create an optimized environment for the restoration of a physiological musculotendinous unit.

The prerequisites for healing are:

(a)cells of the local surrounding area,(b)collagen fibers and other extracellular matrix (ECM) proteins of the natural insertion,(c)stable three-dimensional matrices as carriers for regenerative cells and growth factors, and(d)cytokines, modulators, and growth factors over a period of several weeks.

### The role of cells on tendon--bone healing {#sec3-1}

Cells inducing the healing of RC lesions are either intrinsic cells originating from the insertion area (osteoblasts, tenocytes of the tendon and the peritendineum\[[@ref31]\]), or extrinsic cells such as inflammatory cells (granulocytes), and platelets and stem cell precursors from the bursa or the bone marrow.\[[@ref34][@ref35]\] According to the studies of Uhthoff *et al*.,\[[@ref36]\] the fibroblasts of the proximal tendon stump make only a minor contribution to the healing. The cells involved in the healing process originate from the proximal humerus as well as from the surrounding bursa.\[[@ref31]\] After a reinsertion, the osteoblasts proliferate and new trabeculae are formed.\[[@ref36]\] The spindle-shaped tenocytes in zones I and II at the merging area to the tuberculum majus synthesize and secrete ECM proteins.\[[@ref37]\] Because these cells exhibit very low proliferative capacities,\[[@ref38]\] one possible approach to improve tendon healing is to enhance their activity by adding growth factors.

Moreover, platelets and inflammatory cells like leucozytesare involved in every healing process. In the initial stage of the tendon repair, they act by secreting growth factors, which initiate the repair cascade.\[[@ref39]\]

Under the influence of endogenous and exogenous factors, stem cells can subsequently differentiate into the appropriate cell type. Allogeneic bone marrow stromal cells were able to differentiate into tenocyte-like cells within 5 weeks of implantation into a rabbit patellar tendon. However, the numbers of these cells decreased with time.\[[@ref40]\] The necessary precursor stem cells can be isolated during arthroscopic refixation from the proximal humerus.\[[@ref35]\] Gulotta *et al*.\[[@ref41]\] demonstrated in a rat model that bone marrow derived mesenchymal stem cells transformed with the protein scleraxis, a transcription factor, improved RC healing. However, further studies are needed to confirm these results.

### The role of ECM proteins on tendon--bone healing {#sec3-2}

The proteins of the ECM form all macromolecules outside the plasma membrane of cells and serve primarily to fix the cells embedded in the ECM. Because the cells influence each other, as well as the ECM, a dynamic instead of a static situation has to be assumed. The ECM consists of collagen fibers, as well as glycosaminoglycans and proteoglycans.\[[@ref42]\]

### The role of collagens in tendon--bone healing {#sec3-3}

There are different types of collagen in each of the four zones. In the areas of the insertion of the tendon to the bone (zones II and III), the organization of the collagen fibers is less parallel than in the tendon itself.\[[@ref43]\] Collagen can be divided into three groups: fibrillar types (I, II, and III), fibril-related types (IX, XII), which serve as bridges between fibrils and ECM proteins, and short-chained collagen types (X).\[[@ref5]\]

Type I collagen is found mainly in zones I and IV\[[@ref6]\] as well as temporarily in the stage of remodeling.\[[@ref44]\]In contrast, type II collagen is found during fetal development in zone IV and postnatally in zones II and III. With the completion of the development of the tendon insertion, collagen type II can only be detected in zone III.\[[@ref6]\]Type III collagen is situated in the tendon as well as in the bone,\[[@ref45]\] and is already present during the early stages of the healing process.\[[@ref46]\] In the healing of tendons and bone, collagen type III is associated with degenerative and scar tissue.\[[@ref46][@ref47]\] It is not yet clear to what extent excessive levels of collagen III can impair insertion quality.Type V collagen is a regulator of the fibril diameter of collagen type I,\[[@ref46]\] and therefore can be found predominantly in zones I and II.\[[@ref5]\]Type IX collagen is located predominantly on the osseous side of the insertion. It belongs to the fibril-related types and connects mainly with type II collagen.Collagen type X is produced during human development by hypertrophic cartilage corpuscles in the mineralized fibrocartilaginous transitional zone (zone III) and appears in the epiphyseal plate during growth. This is interesting because growth and transcription factors, which contribute to the maturation of the epiphyseal plate, influence the development of the insertion.\[[@ref5][@ref6]\] Collagen X persists in zone III, even if the hypertrophic chondrocytes are later absent. This indicates that collagen X plays an important role in the transformation of unmineralized to mineralized tissue. However, collagen X is absent in adult tendon to bone healing.\[[@ref5][@ref6]\] Interestingly, collagen type X is also absent during the embryonic and neonatal stage and is not produced until zones II and III have been developed. Therefore, mechanical factors possibly contribute to the expression and production of collagen X.\[[@ref6]\] This is supported by the fact that the formation of a fibrocartilaginous transitional zone is disturbed in tendons of patients with paralyzed shoulders.\[[@ref48]\]Collagen type XII exists on both sides of the insertion.\[[@ref49]\] Collagen XII is situated on both sides of the insertion and belongs, like collagen type IX, to the fibril-associated group. It binds to collagen type I.\[[@ref5]\]

### The role of proteoglycans in tendon--bone healing {#sec3-4}

Different proteoglycans contribute to the tissue regulation of the ECM. One of the proteoglycans is decorin. Similar to type V collagen, decorin regulates the fibril thickness of the collagen and is found exclusively in the tendinous area of the transition zone, mainly in zone I and II of the intact insertion.\[[@ref5][@ref46][@ref49]\] Decorin is at reduced levels during the healing process, but can still be detected. Expression of decorin indicates that specific tendon tissue is formed.\[[@ref5]\] Furthermore, it contributes to the stabilization of the collagen structure by building bridges between collagen fibrils and by influencing fibrillogenesis through inhibition of collagen type I formation.\[[@ref5][@ref49]\] It also regulates the activity of transforming growth factor-beta (TGFb1).\[[@ref5]\]

Aggrecan is a cartilage-specific ECM protein analogous to versican. It is only common in the osseous region of the insertion.\[[@ref5][@ref7][@ref45]\] Compressive stress triggers the production of aggrecan,\[[@ref6]\] which is why this protein is predominant in zone III.\[[@ref5]\] Aggrecan has a huge potential to bind water.\[[@ref5]\]

Biglycan is a tendon-specific ECM protein that is only located in zone I of the insertion area.\[[@ref5][@ref7][@ref45]\] Like decorin, biglycan forms bridges between the collagen fibrils and increases their stability. It also determines their structure by influencing fibrillogenesis.\[[@ref49]\]

### Stable 3D matrix for tendon--bone healing {#sec3-5}

The first matrix which is developed during wound healing is the blood clot. Its formation results in hemostasis. Together with the primary polymerized fibrin structure, it serves as a temporary matrix for cell migration. The platelets within the blood clot secrete the first growth factors.\[[@ref39]\] Five days after injury, fibroblasts migrate along the fibrin to the site of the lesion. They replace fibrin with collagen type I and other ECM proteins.\[[@ref39]\] This results in the transformation of the fibroblasts into myofibroblasts and is accompanied by contraction, as soon as their pseudopodia touch ECM proteins such as fibronectin or collagen. After this process is complete, apoptosis of the myofibroblasts follows.\[[@ref39]\]

Because the matrix is not able to carry mechanical load, different so-called biological scaffolds have entered the market in recent years. These three-dimensional scaffolds act as a temporary mechanical support and are either metabolized or incorporated and remodeled during the healing process. Therefore, they must be absorbable and/or have to be made of natural and relatively inert materials (dermis, intestinal submucosa). Commercially available scaffolds are used either as interposition scaffolds (in between the tendon end and the greater tuberosity) or as augmentation scaffolds (to augment the tendon substance). In an *in vitro* study, Shea *et al*. showed that human tenocytes reacted more favorably to dermal ECM samples without chemical cross-links. Less favorable responses were seen after culture with equine or synthetic ECM.\[[@ref50]\] Commercially available scaffolds are still very expensive (1000--2000€) and their role in augmenting RC repair is rather small. Clinical results show a high failure rate and a high rate of clinical complications, including chronic inflammation.\[[@ref51][@ref52]\]

### The role of matrix metalloproteinases and tissue inhibitors of metalloproteinase in tendon to bone healing {#sec3-6}

Aside from growth factors, there is increasing interest in the role of matrix metalloproteinases (MMPs) in the healing process of the RC.

MMPs are zinc-dependent endopeptidases and belong to the family of the proteases. They shape the ECM and connective tissue and are capable of degrading all the components of the ECM, such as collagen and elastin. Normally, there is equilibrium between the MMPs and the natural inhibitors like tissue inhibitors of metalloproteinase (TIMPs). An imbalance leads to elevated MMP activity and can cause degeneration of tendon and RC tears.

Choi *et al*.\[[@ref53]\] demonstrated that MMP-2 is expressed and activated during the healing process of an acute supraspinatus tendon tear, and Lo *et al*.\[[@ref54]\] found statistically significant alterations in the mRNA levels of MMPs and TIMPs in patients with full-thickness RC tears. Another study has shown an increase in the expression of MMP-1 and MMP-3 in the synovial fluid of patients with RC tears, which correlates with tear size.\[[@ref55]\] These studies suggest that reducing the MMP levels during the healing process may reduce tissue degradation and favorably influence healing after RC repairs.

This was confirmed in a study in which MMPs were inhibited experimentally by the application of doxycycline. This improved the biomechanical quality of the scar tissue.\[[@ref56]\] The MMPs can also be inhibited by α~2~-macroglobulins, which results in better collagen organization, increased fiber cartilage formation, and decreased collagen degradation. However, these results also showed that there was no increase in the load-to-failure or stiffness.\[[@ref57]\]

There is little information on the influence of MMPs on neo-vascularization. The investigations on membrane type 1 MMP (MT1-MMP) seem to be very interesting. MT1-MMP plays a decisive role in the embryonic development of musculoskeletal tissue and seems to have an influence on endochondral ossification. It has been shown in several studies to play a role in the embryonic development of musculoskeletal tissues and is up-regulated in areas of chondrocyte differentiation.\[[@ref58]--[@ref60]\] The second positive effect of MT1-MMP is the up-regulation of cyclooxygenase-2 (= COX-2), which facilitates regeneration and is known to have a crucial effect on bone--tendon reintegration.\[[@ref61]\] This is the object of intense research.

The TIMPs are natural inhibitors of the MMPs, which comprise a family of four protease inhibitors: TIMP~1--4~. These TIMPS are known to bind and inhibit MMPs. TIMP~2--4~ seem to be decreased in torn RC tendons, leading to an increase in MMP activity.\[[@ref54]\]

It is important to note that even though MMPs and TIMPs are involved in degradation of ECM, degradation is an important part of the healing process of tendons.

### The role of growth factors in tendon to bone healing {#sec3-7}

Growth factors can be produced from intrinsic and extrinsic cells.\[[@ref44]\] Their activity is dependent on binding to specific receptors.\[[@ref44]\] Growth factors appear at the proximal site of the myotendinous insertion earlier than at the distal defect of the tendon, although they are detectable in the lesion for longer periods.\[[@ref33]\] Their initial absence may be linked to an underperfusion of the critical zone.\[[@ref33]\]

Würgler-Hauri *et al*.\[[@ref62]\] showed that most growth factors returned to low levels after only 4 weeks. The only factors still exhibiting marked up-regulation are those which are typical for the remodeling phase of tendon tissue. This is explained in detail below. This may be linked to the elevated load on the tendon at that time and would support the concept of the influence of mobilization and load on the tendon--bone healing.\[[@ref62]\]

In the tendon--bone healing process, the most important growth factors are the following.

### Basic fibroblast growth factor {#sec3-8}

Basic fibroblast growth factor (bFGF) is a member of the fibroblast growth factor (FGF) family and is composed of polypeptides. The FGFs are a heparin-binding protein family, which interact with cell surface associated heparan sulfate proteoglycans.

bFGF is produced not only by leukocytes but also by tenocytes and fibroblasts.\[[@ref34][@ref44]\] This factor remains highly up-regulated during the whole healing process and has its peak between the seventh and the ninth day. bFGF is particularly important in the proliferation and remodeling phases.\[[@ref33][@ref44][@ref62]\] It is a potent stimulator of angiogenesis and fibroblast proliferation.\[[@ref34][@ref44][@ref62]\] It also stimulates collagen III production, the secretion of collagenase by fibroblasts, and the proliferation of endotheliocytes, which are important factors for angiogenesis. It also inhibits production of type I procollagen.\[[@ref34][@ref44]\] There is a second peak around the eighth week, which might be a sign of further tenocyte proliferation.\[[@ref62]\]

Takahashi *et al*. showed in 2003 that bFGF stimulates the proliferation of RC tendon cells (RCC) in a dose-dependent manner and suppresses the secretion of collagens from RCC *in vitro*.\[[@ref63]\]

In two studies published in 2009, the initial tendon-to-bone remodeling was accelerated by local application of bFGF.\[[@ref64][@ref65]\] In an intrasynovial flexor tendon canine model, Thomopoulos *et al*. showed not only increased vascularity, cellularity, and adhesion, but also an increase in peritendinous scar formation. The administration of bFGF failed to produce improvements in either the mechanical or the functional properties of the repair.\[[@ref66]\]

### Insulin-like growth factor-1 {#sec3-9}

Insulin-like growth factor-1 (IGF-1), also known as somatomedin C, belongs to the insulin-like growth factor family. This family has sequence homology with insulin. IGF-1 interacts with the membrane-bound IGF receptor. IGF-1 is secreted mainly by stimulated keratinocytes, osteoblasts, and fibroblasts.\[[@ref34]\] This growth factor is secreted immediately after a lesion has formed. This fact suggests that IGF-1 originates from blood.\[[@ref33]\] This growth factor peaks after 3 weeks\[[@ref44]\] and is important in all healing phases, particularly during inflammation, proliferation, and remodeling.\[[@ref33][@ref44]\] It inhibits the migration of the inflammatory cells in the inflammatory phase by negative feedback.\[[@ref44]\] Together with platelet-derived growth factor-BB PDGF-BB, its main role in tendon healing is the stimulation of the proliferation and migration of fibroblasts and other local cells.\[[@ref33][@ref34][@ref44]\] During the remodeling phase, IGF-1 raises the production of collagen and other ECM proteins.\[[@ref44]\] Extracellular IGF-1 is bound to proteins and therefore exhibits an extracellular memory. It thus permits an immediate response to an event.\[[@ref33][@ref44]\] Dines *et al*. used rat tendon fibroblasts that were cultured and transfected with the gene of IGF-1. The *in vivo* test showed that toughness and maximum load to failure were both statistically significantly improved in these repairs.\[[@ref67]\]

### Platelet-derived growth factor {#sec3-10}

Platelet-derived growth factor (PDGF) is composed of a dimeric glycoprotein and contains five different isoforms. It is a potent mitogen for cells of mesenchymal origin. The receptor for PDGF, PDGFR, is classified as a receptor tyrosine kinase.

In wound healing, PDGF is synthesized and secreted not only by platelets, but also by macrophages, endotheliocytes, fibroblasts, and keratinocytes.\[[@ref34]\] Together with IGF-1, it is one of the first growth factors next to the lesion.\[[@ref34]\]

In the early phases of the healing process, PDGF plays an important role by stimulating and regulating the synthesis of other growth factors (e.g. IGF-1, TGF-β1).\[[@ref33][@ref44][@ref62]\] In a rat patellar tendon defect model, additional PDGF was added on day 3, which resulted in increased proliferation in tendons. Addition on day 7 improved the peak load, the cross-sectional area, and the pyridinoline content.\[[@ref68]\] At later times, PDGF influenced remodeling by enhancing the production of collagen (type I) and non-collagen proteins (e.g. fibronectin),\[[@ref34][@ref44][@ref62]\] and the migration and proliferation of fibroblasts and endotheliocytes.\[[@ref34]\] In a rat model of RC repair, delivery of cells expressing PDGF- b0 with a polyglycolic acid scaffold restored normal crimp patterning and collagen bundle alignment compared to suture repair only.\[[@ref69]\] Uggen *et al*. coated FibreWire sutures with recombinant human PDGF-BB and used this suture for RC tendon to bone repair with an anchor. After a short-term follow-up, histological analysis showed improved tendon-to-bone healing. However, ultimate load to failure was equivalent to standard suture repairs.\[[@ref70]\]

### Vascular endothelial growth factor {#sec3-11}

Vascular endothelial growth factor (VEGF) stimulates vasculogenesis and angiogenesis. It is a sub-family of the PDGF family. The most important member is VEGF-A.

VEGF is secreted by neutrophilic granulocytes, platelets, keratinocytes, tenocytes, and astrocytes.\[[@ref34]\] The production and secretion of VEGF is stimulated by other growth factors (PDGF, bFGF, TGF-β), interleukins, and hypoxia.\[[@ref34][@ref44]\] The VEGF level has its peak on day 7, and from then on, it decreases until the 21st day.\[[@ref44]\] VEGF is active during inflammation, proliferation, and remodeling phase and acts as a stimulator of the angiogenesis of epi- and intratendinous vessels.\[[@ref34][@ref44]\] It stimulates the secretion of other growth factors such as bFGF.\[[@ref34]\] No studies have directly evaluated its role in RC reconstruction. Those studies that evaluated the effects of locally applied VEGF on anterior cruciate ligament ACL - and Achilles tendon-reconstruction are inconsistent.\[[@ref71][@ref72]\]

### Transforming growth factor-β {#sec3-12}

The protein TGF-β exists in three isoforms (TGF-β1, TGF-β2, and TGF-β3). It is part of the transforming growth factor beta superfamily, which includes inhibin, activin, and bone morphogenetic protein (BMP).

Normal ligaments and tendons show low staining of TGF-β. During the healing process, practically all the cells that are involved in the healing process increasingly produce TGF-β.\[[@ref34][@ref44]\] Together with IGF-1, it is very rapidly released at the site of the lesion. This suggests that TGF-β originates in blood.\[[@ref33]\] TGF-β1 remains highly up-regulated for the first 8 weeks\[[@ref44][@ref62]\] and is active in the tendon healing process during all phases.\[[@ref33][@ref44]\] TGF-β1 enhances migration of extrinsic cells, the regulation of protease activity, the transcription of fibronectin, the termination of cell proliferation, and the activation of fibroblasts by PDGF-AB. It also stimulates collagen production (I and III).\[[@ref34][@ref44][@ref62]\] However, one study reports that the application of TGF-β to a torn tendon increased proliferation without increasing tendon strength.\[[@ref4]\]

TGF-β3 plays a decisive role in the scarless fetal healing, but it is undetectable in scar formation in adults.\[[@ref6]\] Treatment with TGF-β3 *in vivo* accelerated the healing process, with increased vascularity, inflammation, cellularity, and cell proliferation at early time points. Moreover, sustained delivery of TGF-β3 to the healing tendon-to-bone insertion led to significant improvements in structural properties at 28 days and in material properties at 56 days compared to controls.\[[@ref73]\] TGF-β3 could therefore be an important factor for the regeneration of a bone--tendon insertion in the future.

### Bone morphogenetic protein 2, 7, 12, 13, 14 (BMP-2, -7, -12, -13, -14) {#sec3-13}

There are a number of BMPs. Except BMP-1, all BMPs belong to the superfamily of TGF-β. BMP-12 and -13 are expressed by fibroblasts at the tendon insertion sites and induce the formation of tendon and fibrocartilage. A study by Seehermann *et al*.\[[@ref74]\] showed that recombinant human BMP-12 in a hyaluronic sponge had 2.1 times greater maximal load than the untreated repairs in a sheep model. RhBMP-12 in a collagen types I and III sponge gave a relative increase of 2.7-fold in the maximal load. However, the mechanical properties of the tissues were similar in both augmented and control groups of the study when normalized to the size of the tendon.\[[@ref74]\]

In 2011, Gulotta *et al*.\[[@ref41]\] showed in a rat model that the application of mesenchymal stem cells which had been genetically modified to overexpress BMP-13 in a tendon-to-bone repair did not improve healing.\[[@ref75]\] In contrast, supraspinatus tendon repairs (tendon-to-tendon) treated with BMP-13 in 48 rats were significantly stronger than the untreated repairs and histological analysis showed more organized healing after 4 and 6 weeks.\[[@ref76]\]

In an *in vitro* study on tenocyte-like cells isolated from human RC tissue samples, BMP-2 increased collagen type I production. An increase in collagen type-1 production and expression, as well as increased cell activity, was observed for BMP-7. Adding BMP-2 and -7 resulted in smaller changes than seen with BMP-7 alone.\[[@ref77]\] The application of BMP-2 in an injectable hydrogel into a ruptured RC gave a significantly higher maximum pull-out load at 4 and 8 weeks postoperatively.\[[@ref78]\]

Despite the potential advantage of the application of a single growth factor, the healing of the RC involves the long-term interaction between several of these growth factors, with a fixed sequence of peak concentrations.\[[@ref33]\]

### Combining different growth factors for tendon--bone healing {#sec3-14}

Several growth factors have been tested independently for their contribution to RC healing.

In the physiological healing process, different growth factors work together to create appropriate tendon-to-bone healing. Newer approaches tend to apply matrixes that are loaded with different growth factors.\[[@ref67][@ref79][@ref80]\] These therapy forms are known as "tissue engineering" and contain scaffolds, regulators, and cells, which could possibly lower the failure rate after reconstruction of the RC. There is little published evidence on the combination of different growth factors in RC repair. In a sheep infraspinatus tear model, Rodeo\[[@ref81]\] implanted growth factors from bovine cortical bone extract (BMP-2 to BMP-7, TGF-β1 to TGF-β3, and FGF) with a type I collagen sponge into a healing RC of 72 mature sheep. After 6 and 12 weeks, the investigators found significantly greater failure loads with increased bone volume and soft tissue volume in the augmented group when compared to non-augmented controls. However, when the loads were normalized for tissue volume, they found no differences between treated and untreated shoulders. These data suggest that the combination of growth factors did not improve the quality of the repair, but might accelerate the healing processes, which is particularly desirable in sports medicine.

Platelet-rich concentrates from centrifuging autologous blood can also be used as a source of different growth factors for biological augmentation of RC repair. These concentrates contain high concentrations of platelets that undergo degranulation and release of growth factors. Once activated, platelet-rich concentrates, such as platelet-rich plasma (PRP) and leukocyte- and platelet-rich fibrin (L-PRF), provide the best possible conditions for restoration of the RC:

(a)continuous release of anabolic stimulative growth factors,(b)high levels of platelets and leukocytes, and(c)a stable temporary matrix.

PLATELET-RICH PLASMA AS A THERAPY APPROACH {#sec1-4}
==========================================

There has been much discussion on the possible use of platelet concentrates like PRP for RC refixation.\[[@ref82][@ref83]\] There are different kinds of PRPs, which differ in the manner of their production, as well as in the concentration of the leukocytes \[leukocyte- and platelet-rich plasma (L-PRP) and pure platelet-rich plasma (P-PRP) without leukocytes\] and the stability of the fibrin matrix.\[[@ref84][@ref85]\] PRP is a concentrate rich in platelets and provides many growth factors locally. The problem with all PRPs is that the growth factors are applied in very high doses for a very short period of time. Excessive concentrations of growth factors can, in principle, activate a negative feedback loop, down-regulate receptors on the target cells, and cause the opposite effects to those desired. Further, the P-PRPs do not contain leukocytes, which are important for the healing of the RC. Leukocytes can produce and secrete growth factors, particularly VEGF, for a longer period of time. However, both PRPs lack a stable three-dimensional matrix because the secondary polymerization only leads to bilateral and not equilateral polymerization. Because the PRP matrixes disintegrate faster, they can be for only a short time span as a temporary matrix between tendon and bone.\[[@ref85]\] In a randomized double-blind study, Randelli *et al*.\[[@ref86]\] showed that pain after 2 years was lower in the L-PRP group after an arthroscopic RC repair in comparison to the control group. They also reported that the strength in external rotation was better with small ruptures after 3 months follow up. Constant score, simple shoulder test (SST), and subjective shoulder value (SSV) were raised. On the other hand, Castricini *et al*.\[[@ref88]\] performed a randomized controlled trial of an arthroscopic RC repair on 43 patients with small or medium RC tears, using PRP as biological augmentation. In the follow-up after 16 months, there was no significant difference in total constant score when compared to the group of 45 patients who did not receive biological augmentation. They did not evaluate whether the augmentation with PRP accelerated the healing process or whether PRP-clot releasates are beneficial for large and massive RC tears. Due to the heterogeneity of PRP preparation, it is also possible that other preparations may be more effective.

In a case report,\[[@ref89]\] PRP was sutured side-by-side to close a massive RC tear. Six months after surgical repair, an MRI showed the complete integrity of the cuff under the PRP membrane. Further studies are needed to prove the potential of PRP in RC healing.

LEUKOCYTE- AND PLATELET-RICH FIBRIN AS A THERAPY APPROACH {#sec1-5}
=========================================================

L-PRF consists of a stable fibrin network, rich in platelets and leukocytes, in which the cells are not damaged.\[[@ref84]\] L-PRF can be easily produced without additives, from the patient\'s own blood, so that no foreign body reaction is expected. The production is not expensive and is simple. As the preparation time is only 20 minutes, L-PRF can be produced easily during surgery \[Figure [1a](#F1){ref-type="fig"}, [b](#F1){ref-type="fig"}\]. If the blood is centrifuged slowly, a matrix is generated, which is optimal for cell migration and cell proliferation by means of primary polymerization.\[[@ref90]\] In an as yet unpublished study, we could show that L-PRF is able to release growth factors *in vitro* over several weeks \[Figure [2a](#F2){ref-type="fig"}, [b](#F2){ref-type="fig"}\].\[[@ref83]\] L-PRF therefore exhibits the qualities required for a physiological restoration.

![(a) Preparation of L-PRF: A blood sample is taken without anticoagulants in 10 ml tubes which are immediately centrifuged at 400*g* for 12 minutes. (b) After the centrifugation, the red layer is removed and the L-PRF is folded, stacked, and fixed with an absorbable 4-0 PDS suture](IJSS-6-51-g001){#F1}

![(a) Release of PDGF in L-PRF clots: Kinetics of the release was significantly increased between 0.3 and 7 days and then decreased closer to time 0 levels at 28 days. (b) Kinetics of the release of VEGF was significantly increased between 0.3 and 7 days and then decreased closer to time 0 levels at 28 days](IJSS-6-51-g002){#F2}

In an ongoing prospective randomized study in the Department of Orthopedic Sports Traumatology in Nice, France, an arthroscopic transoseous equivalent double-row-repairs in cronic rotator cuff tears were performed. During the conventional preparation, the L-PRF is produced in the operation room. After its production, it is folded, stacked, and fixed with an absorbable thread.

After placing the medial anchor, a guidance thread is introduced medial to the anchor and the L-PRF is brought in position lateral to the anchor. This is a reservoir of growth factors and a matrix between the tendon end and the osseous insertion. Then, the tendon is fixed as usual with a lateral anchor and is closed. The excess of the matrix production is injected with a syringe directly into the L-PRF.

The first postoperative examinations of 20 arthroscopic double-row RC refixations (10 patients in the PRF group, 10 patients in the control group) showed a significant increase in the vascularization in the area of reinsertion in the PRF group after 6 weeks, which could have led to accelerated rehabilitation.\[[@ref91]\] No difference between the two groups in the vascularization level could be found after 3 months. However, the impact of PRF on the RC healing process needs to be confirmed with larger controlled clinical trials.

CONCLUDING REMARKS {#sec1-6}
==================

The incidence of degenerative RC tears is increasing as the population ages. Failure to heal and retearing after surgery is still a common problem, since the four fibrocartilaginous transition zones of the RC insertion site are not restored properly following surgical repair. It is rather the case that less stable scar tissue bridges the torn tendon to bone insertion. There seems to be a great potential to enhance RC tendon healing using biological agents such as growth factors and modified stem cells.

Studies have shown that different growth factors are capable of increasing the strength of repairs in animal models. Unfortunately, this seems to be accomplished through an increase in scar tissue production instead of by forming a physiological tendon-to-bone insertion. The optimal timing, concentration, and combination of the different growth factors is still unclear. As in transduced and modified stem cell applications, the optimal dosage and vehicle for delivery has remained elusive. Modified stem cells and growth factors for RC repairs are promising therapeutic agents for the future. The use of leukocyte and platelet concentrates seems to be a promising approach to biological augmentation of RC tears, as these concentrates contain many of the fundamental growth factors at high dosages, can release the growth factors over time, and can be a potential carrier for stem cell application. Further research is needed to define the correct dosage, quantification, and timing, and to fully understand the teamwork between modified stem cells and different growth factors.
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